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A search for forbidden and exotic Z boson decays in the diphoton mass spectrum is presented for
the first time in hadron collisions, based on data corresponding to 10.0 fb~! of integrated luminosity
from proton-antiproton collisions at /s = 1.96 TeV collected by the CDF experiment. No evidence
of signal is observed, and 95% credibility level Bayesian upper limits are set on the branching ratios
of decays of the Z boson to a photon and neutral pion (which is detected as a photon), a pair
of photons, and a pair of neutral pions. The observed branching ratio limits are 2.01 x 107> for
Z — 1%, 1.46 x 107° for Z — v, and 1.52 x 1075 for Z — 7°7°. The Z — 7%y and Z — ~ limits
improve by factors of 2.6 and 3.6, respectively, the most stringent results from other experiments.
The Z — 7°7° branching ratio limit is the first experimental result on this decay.

PACS numbers: 14.70.Hp, 13.38.Dg

Properties of the W and Z bosons have been stud-
ied extensively in collider experiments. Most knowledge
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about these particles, however, comes from decays in-
volving leptons [1]. Although the hadronic decay modes
of the W and Z bosons dominate, identifying a W or Z
boson resonance from the quark-antiquark final state is
challenging at hadron colliders due to large backgrounds
and poor jet energy resolution. It is therefore appeal-
ing to consider rare V' — P 4 ~ decays, where V is a
weak vector boson and P is a pseudoscalar meson. To
complement the search for W+ — 7%~ decays that was
performed previously at CDF [2], we present a new search
for Z — 7%y decays in which the neutral pion is identified
as a photon in the CDF II detector because of the similar
experimental signature of the two particles. The obser-
vation of this decay would provide a unique opportunity
to reconstruct the Z boson from an isolated hadron [3]
and it would be sensitive to couplings of the Z boson to
quarks and the photon [4].

The challenge of studying this decay is its small pre-
dicted branching ratio, which is suppressed by a factor of
(fz0/Mz)?, where fro is the pion decay constant [5] and

My is the Z boson mass [I, 4]. In particular, the stan-
dard model (SM) branching ratio prediction for Z — 7%y
ranges between 10712 and 10~ [6, 7], which is too small

for such a process to be detected at the Tevatron. Ev-
idence of a signal may indicate physics beyond the SM,
and the absence of a signal would improve the current ex-
perimental upper bounds on the Z — 7%y branching ra-
tio. Furthermore, an experimental limit on B(Z — %)
would improve upper bounds for the pion transition form
factor, which describes the 7%y~* transition. Measure-
ments of this factor by the BABAR experiment were found
to be higher than the predictions of perturbative quan-



tum chromodynamics (QCD) for the momentum transfer
(Q?) range 15-34 GeV? [8]. Theoretical efforts since then
aim to explain this discrepancy, some using experimental
B(Z — 7%) upper limits as an additional constraint at
higher Q? [9].

Since a neutral pion and photon have similar experi-
mental signatures, we extend the analysis to consider the
decays Z — vy and Z — 797%, which are quantum me-
chanically forbidden due to their identical final-state par-
ticles and conservation of angular momentum (thus vio-
lating the spin-statistics theorem). As with the Z — 70y
decay, an observation of Z — vy or Z — 797° would be
evidence for new physics. The Z — ~v decay is forbid-
den specifically by the Landau-Yang theorem [10], which
states that a spin-1 boson cannot decay into two massless
photons. This decay was studied in the past by experi-
ments at the Large Electron-Positron (LEP) collider [11],
and the resulting limits on the Z — 7+ branching ratio
have been used [12] to constrain possible small violations
of Bose-Einstein statistics, complementing other similar
analyses [13]. In addition to tests of spin statistics, the
Z — ~~ decay is also considered a promising process for
discovery of physics beyond the SM that allows for non-
commutative space-time [14].

The most stringent existing experimental limits on the
Z — m%y and Z — 7y branching ratios come from LEP
experiments [1]. Specifically, the L3 experiment set a 95%
confidence level limit of 5.2 x 10~ on the branching ratio
of both the Z — 7%y and Z — vy decay modes [11].

Though the experimental search for these decays is
challenging due to their small branching ratios, the abun-
dance of Z bosons produced in high-energy hadron colli-
sions, combined with a good understanding of the back-
grounds in those environments, makes it possible to im-
prove the existing LEP limits. The intensive search for
the SM Higgs boson in the diphoton decay mode has led
to dedicated data analysis techniques that can be directly
applied to Z — 7%y, Z — v, and Z — 7970 searches.
No limits on the branching ratios of these decay modes
from experiments in hadron collisions have been reported
to date. In this Letter, we present a search for Z — 7%,
Z — v, and Z — 779 decays using the full CDF dipho-
ton data set, corresponding to an integrated luminosity
of 10.0 fb~1.

The CDF II detector [15] is used to identify pho-
ton candidate events produced in pp collisions at /s =
1.96 TeV. The silicon vertex tracker [16] and the central
outer tracker [17], contained within a 1.4 T axial mag-
netic field, measure the trajectories (tracks) of charged
particles and determine their momenta. Particles that
pass through the tracking volume reach the electromag-
netic (EM) and hadronic calorimeters [18], which are di-
vided into two regions: central (|n| < 1.1) [19] and for-
ward (1.1 < |n| < 3.6). The EM calorimeters contain
fine-grained shower maximum detectors [20], which mea-
sure the shower shape and centroid position in the two

dimensions transverse to the direction of the shower de-
velopment.

Events having two isolated EM showers with no asso-
ciated tracks are selected by a three-level online event-
selection system (trigger) that requires an isolated clus-
ter of energy deposited in the EM calorimeter with trans-
verse energy Er > 25 GeV [21]. The trigger efficiency for
events accepted into the final sample is determined from
simulated events and found to be essentially 100%. This
efficiency is validated in Z — eTe™ decays from both
data and simulation [22].

A neural network (NN) technique is used to reconstruct
the two highest- 7 photon candidates in the event with
pr > 15 GeV/c in the fiducial region of the central EM
calorimeter (|| < 1.05). This selection was developed in
the SM H — ~v analysis at CDF [22]. The NN selec-
tion is optimized for the identification of high-pr central
photons and the rejection of the dominant background
from jets. This selection also identifies neutral pions from
the Z boson signal with high efficiency. For Z — 7% or
Z — 77 decays, the neutral pion is isolated (not con-
tained in a jet) and decays about 99% of the time into
a pair of photons. Because of the high momentum (on
average 45 GeV/c) of the 7° from a Z decay, the photon
pair is nearly collinear and usually produced with a suf-
ficiently narrow angle such that the two photons appear
in the central shower-maximum detector and the central
electromagnetic calorimeter as a single EM shower. Neu-
tral pions from a Z decay then have nearly the same sig-
nature as an isolated photon, with only a slightly smaller
central photon identification efficiency. Therefore any ev-
idence of a signal in the diphoton data could indicate the
identification of an isolated photon and a neutral pion, a
pair of isolated photons, or a pair of neutral pions.

Simulated events from the pyTHIA Monte Carlo (MC)
generator [23] are used to predict the diphoton mass
(m~~) shape and the product of the efficiency and de-
tector acceptance (eA) of the signal. The PYTHIA ver-
sion 6.2.16 is used with the CTEQ5L [24] parton dis-
tribution function set and the standard CDF underly-
ing event configuration [25]. We generate Z bosons in-
clusively with PYTHIA using a relativistic Breit-Wigner
mass distribution for the production and a decay angu-
lar distribution in the Z rest frame corresponding to a
spin transition 1 — (1/2,1/2). The decay kinematics as-
sume massless decay products (neutrinos). Since PYTHIA
does not model the Z — 7%y, Z — v, and Z — 7%70 de-
cay modes, the decay products are artificially treated as
photons in the detector simulation; the events are then
weighted by factors that transform the original angu-
lar distribution to the appropriate one for spin transi-
tions 1 — (0,1) and 1 — (1,1), which correspond to
the Z — 7% and Z — vy decay modes, respectively.
The weighting factors are 1 for Z — 7% decays and
(@ — cos®9) /(b + cos? ) for Z — v decays, where ¥ is
the angle between the proton momentum and the mo-
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FIG. 1. Comparison of the v and 7° NN selection efficiencies,
obtained using the special purpose MC event generator. The
efficiency is shown as a function of the MC generator-level
Er.

mentum of each decay product in the Z boson rest frame.
For Z — m%7° decays we use the same weighting factor as
for Z — v decays, assuming a nonzero orbital angular
momentum for the pion pair in the final state. The con-
stants a = 1.16 and b = 1.32 are derived from the PYTHIA
spin-density matrix of the Z boson, which accurately
describes the angular distributions of Z — ete™ decays
measured with the CDF II detector [26]. The events are
then processed through the CDF II detector and trigger
simulation and event reconstruction software [27]. The
weighted final samples simulate the Z boson production
and decay properties, including polarization, and prop-
erly model properties that affect the acceptance, such as
isolation.

To correctly model the efficiency for reconstructing the
Z — 7% and Z — 797% decays, an additional weight is
applied to these simulated events based on the ratio of
the 70 to v NN selection efficiencies. The NN efficiencies
are obtained using a special purpose MC event genera-
tor that produces single particles with a flat EFp spec-
trum and does not account for the underlying event. As
shown in Fig. 1, the neutral pion has a slightly lower NN
selection efficiency than a single isolated photon in the
kinematic region allowed for Z decay. On average, the
70 NN efficiency is found to be 2% smaller than the pho-
ton NN efficiency. The 7°/v weight as a function of the
MC-generated Er is applied on an event-by-event basis
to the simulated samples, once for the Z — 7%y decay
and twice for the Z — 7%7° decay.

In addition to the angle and efficiency weights applied
to the simulated signal samples, events from these sim-
ulated samples are further modified such that the dis-
tribution of the number of reconstructed vertices for the
sample is the same as that observed in the diphoton data.
This has a negligible effect on the diphoton mass reso-
lution. We then assume the same m., shape for each
signal process, which is justified due to the similar EM
energy scale of the neutral pion and photon. The re-
sulting Z boson signal has a natural width of 2.5 GeV,

and is smeared by an additional 2.4 GeV due to the
EM calorimeter resolution. A signal region is defined for
events with 80 < m., < 102 GeV/c?, which would con-
tain 90% of the signal. Corrections to the NN selection
efficiency due to imperfections in the detector simulation
are also applied. These corrections are derived using elec-
trons from Z — ete™ decays by comparing the selection
efficiencies obtained from the detector simulation to the
selection efficiencies measured in the data [28]. The ef-
ficiency multiplied by the detector acceptance (eA) for
signal events is given in Table I for the signal region.

TABLE I. Product of the efficiency and detector acceptance
for the diphoton selection in the signal region (80 < my, <
102 GeV/c?). For each signal process, values are provided
with their systematic uncertainties. The Z — 7% decay has a
lower value due to its different angular distribution compared
to the Z — 7°7° and Z — 7%y decays.

Signal process eA (%)

Z — 10y 5.67 & 0.42
Z = vy 7.80 %+ 0.56
Z — m7° 7.50 4+ 0.61

The decay of the Z boson into 7%y, vy, or 779 would

appear as a narrow peak in the invariant mass distri-
bution of the two reconstructed photons. The domi-
nant backgrounds are a resonant Drell-Yan (DY) compo-
nent (about 2%) and a non-resonant component (about
98%). An inclusive Z — ete™ PYTHIA MC sample is
used to model the DY background component, in which
a pair of electrons pass the diphoton selection with
€A = 0.00111 £ 0.00002% in the signal region. The ex-
pected DY yield in this region is 55 &+ 5 events. The
dominant, non-resonant background is composed mostly
(about 2/3) of events where one or two jets are identified
as a reconstructed photon, denoted respectively as the ~vj
and jj backgrounds. The remainder of the non-resonant
background arises from QCD processes that produce two
real photons in the hard interaction, denoted as the vy
background. The total non-resonant background predic-
tion is estimated from a fit to the DY-subtracted data
using a binned log-likelihood method. The data are fit
to an exponential multiplied by a second-degree polyno-
mial in the region 60-200 GeV/c?, with the signal region
window excluded from the fit. The predicted background
in the signal region is obtained by interpolating the fit
into this region. The fit to the data is shown in Fig. 2,
where 2452 + 66 events are expected in the signal re-
gion. The uncertainty on this background arises from
the propagation of the parameter uncertainties in the fit
to the event yield in the signal region. The extrapolation
results in a 2.7% uncertainty on the non-resonant back-
ground prediction. Figure 3 shows both the Drell-Yan
and non-resonant backgrounds compared to the data for
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FIG. 2. The diphoton mass distribution of the DY-subtracted
data with the fit results overlaid. The gap in the fit function
represents the excluded signal region. The lower subfigure
shows the difference between the data and background pre-
dictions for the full 60-200 GeV/c® region, divided by the
statistical uncertainty from the background prediction.
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FIG. 3. The diphoton mass distribution of the Drell-Yan and
non-resonant (v, vj, and j5) backgrounds is compared to the
data for the region 60 < m., < 120 GeV/c?, which includes
part of the fit region along with the signal region.

the region 60 < m.,, < 120 GeV/c?. An excess of events
is visible near m.,, = 67 GeV/c?. Although this mass
region is not the subject of this search, we verify that the
statistical significance of this excess is less than 20 af-
ter accounting for the look-elsewhere effect [29]. Table II
provides the background and data yields in the signal
region.

The largest systematic uncertainties on the expected
number of signal events arise from the integrated lu-
minosity measurement (6%) and the measured Z boson

TABLE II. Number of events expected in the signal region
80 < m~~ < 102 GeV/c? for the Drell-Yan and non-resonant
(v, vj, and jj) backgrounds, along with systematic uncer-
tainties. The total background and the corresponding number
of observed events in the data is also given.

Background process Number of events

Drell-Yan 55+5
¥y, 77, and jj 2452 + 66
Total background 2507 £ 66
Data 2419

cross section (6%) [30], which are also uncertainties ap-
plied to the Z — eTe™ MC modeling. Uncertainties on
the efficiency and detector acceptance of the signal come
from varying the parton distribution functions used in
PYTHIA (5%) [31] and the parameters controlling the
amount of initial- and final-state radiation from the par-
ton shower model of PYTHIA (3%) [32]; they also include
uncertainties in the NN photon selection efficiency (4%),
the ¥/~ efficiency weight (2% per 7°), the trigger ef-
ficiency (1%), and the EM energy scale (less than 1%).
Uncertainties on the efficiency and detector acceptance
of Z — ete™ events come from the electron misidentifi-
cation rate (2%) and the trigger efficiency (1%); other
uncertainties on €A for Z — eTe™ events are negligible.
The dominant uncertainty on the analysis is from the
uncertainty in the non-resonant background prediction.

No evidence of a narrow peak or any other anomalous
structure is visible in the diphoton mass spectrum. We
calculate upper limits on each of the Z — 7%, Z — v,
and Z — 7%7Y branching ratios. Because the three decay
modes are nearly indistinguishable in the detector, we set
a limit on the branching ratio of each decay mode alone,
assuming the other decay modes are not present. We
calculate a Bayesian credibility level (C.L.) limit based
on a Poisson binned likelihood constructed from each bin
in the signal region (2 GeV/c? bin width) of the back-
ground, data, and signal mass distributions. The back-
ground distribution is scaled to the expected number of
events in the signal region and the signal distribution is
scaled based on the experimental total cross section for Z
boson production (7353 pb [30]), the integrated luminos-
ity of the data sample, and the value of €A for the signal
region. We assume that the signal branching ratio can
have any nonnegative value with equal prior probabil-
ity. We integrate over the systematic uncertainties, each
assumed to be described by a Gaussian prior probabil-
ity density truncated to avoid unphysical values. A 95%
C.L. limit is determined such that 95% of the posterior
density for the branching ratio falls below the limit [1].
For comparison, thousands of simulated experiments are
also performed, based on expected backgrounds. The
median limit for these trials is the expected limit, and
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FIG. 4. The diphoton mass distribution of the Drell-Yan and
non-resonant (v, 77, and jj) backgrounds compared to the
data for the signal region only. The signal shape is shown
scaled to the observed 95% C.L. upper limit allowed by the
data (83 events).

the region where 68% (95%) of the trials lie around the
median is the lo (20) expected region. Table III pro-
vides the expected and observed 95% C.L. limits on the
7Z — 7%, Z — vy, and Z — 7°7° branching ratios. Fig-
ure 4 shows the m..,, distributions for the background and
data in the signal region, with the expected signal shape
scaled to the observed limit.

TABLE III. Upper limits at 95% C.L. on the Z — v,
Z — 7%y, and Z — 7°7° branching ratios. Each upper limit
is based on the assumption that the Z boson decays through
the corresponding process.

95% C.L. limits (x10™ ")

Signal Expected

process —20 —1lo Median +10 420  Observed
B(Z — wofy) 1.24 1.68 2.34 3.29 4.54 2.01
B(Z — vv) 0.87 1.21 1.72 240 3.34 1.46
B(Z - a°z%) 094 1.28 1.76 2.52 3.39 1.52

This Letter presents the most sensitive search to date
for forbidden and exotic decays of the Z boson to a neu-
tral pion and photon, a pair of photons, and a pair of
neutral pions. We search for a narrow resonance in the
diphoton mass spectrum around 91 GeV /c? using the full
diphoton data collected by the CDF II detector at the
Tevatron. No significant evidence of a resonance is found
in the data. Upper bounds on the signal branching ratios
are determined, resulting in observed 95% C.L. limits of
2.01 x 107°, 1.46 x 107®, and 1.52 x 1072 for Z — 7%,
Z — v, and Z — 7979, respectively. The Z — 7%y and
Z — v limits are more sensitive by factors of 2.6 and
3.6, respectively, than the most stringent limits avail-

able. The Z — 7270 limit is the first experimental result
on this decay.
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